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Abstract. An experimental investigation of casting processes performed under well controlled laboratory con-
ditions is presented. Casting molds made of transparent material allow for analysis of flow patterns by means of
standard optical measurement methods. The tests are carried out for selected highly-viscous Newtonian fluids
at room temperature. The physical properties of the test fluids (i.e. viscosity, surface tension and density) are
identified. As a result, an extensive set of experimental data is provided.
1 Introduction
Manufacturing processes that involve casting of liquid ma-
terial driven by a body force (e.g. gravity, centrifugal
force) are well employed in a number of industrial appli-
cations such as rapid prototyping, medical device mold-
ing, replacement part manufacturing etc. The castings
can be made of any material that solidifies due to either
thermal change (metals, some plastics) or due to chemical
processes that happen after mixing several components to-
gether (plaster, clay or resins).
The casting mold geometry plus a location and a num-
ber of inlets and outlets are crucial parameters which
have an impact on casting quality and its costs. These
geometric properties are vital especially during casting of
complex thin-walled three-dimensional structures. In or-
der to optimise the design of the casting mold, under-
standing and prediction of the casting flow is essential.
This can be achieved empirically or by computational and
experimental modelling.
In situ experimental measurements of casting pro-
cesses are challenging especially due to the complexity of
mold geometry and due to the character of the cast mate-
rial which is often liquified at high temperatures. Never-
theless, several publications on in situ measurements using
X-ray radiography can be found e.g. in [1, 2]. However,
the casting process can be well approximated using a water
analogue model [3, 4] which enables a good control over
the model parameters in laboratory conditions.
This study focuses on experimental investigation of the
free surface flow inside a rigid mold during gravity cast-
ing. Thermodynamic and chemical effects are neglected
and an analogue approach is applied.
2 Experimental setup
In the following, highly viscous Newtonian fluids are used
as an analogue to the cast material and the geometry of the
∗e-mail: lobo@kme.zcu.cz
molds is made of a rigid transparent material (polymethyl
methacrylate) so that the evolution of the gravity driven
free surface flow can be assessed by means of standard
optical measurement methods.
Two elementary experimental setups are considered,
casting flow in a long horizontal channel, Figure 1, and in
a complex vertical labyrinth, Figure 2. A special attention
is paid to the kinematics of propagation of the cast mate-
rial and to the shape of the free surface profile. All expe-
riments are performed at standard room temperature.
2.1 Horizontal channel
The first experimental setup is designed so that it enables
analysis of propagation of the cast material in a mold of
simple geometry with a single inlet and a single outlet.
The setup geometry consists of two connected parts, a
vertical reservoir and a horizontal mold, as depicted in
Figure 3. The horizontal mold is a 1160 mm long hori-
zontal channel that winds in a spiral. The channel cross-
section is rectangular and does not vary along the channel
length, the channel height is 3 mm and its width is 10 mm.
The length of the horizontal channel is large in comparison
to its cross-sectional dimensions. Thus the physical effects
get pronounced as the cast material propagates along the
channel length and a level of the material in the vertical
reservoir decreases.
Initially, the vertical reservoir holds 90 ml of liquid.
Before the experiment is started, the test liquid is held in-
side the reservoir by a removable gate which obstructs the
horizontal channel. Thus, the horizontal channel is kept
empty and dry. At the beginning of each measurement,
the gate is removed abrubtly in the vertical direction and
the liquid flows into the rigid channel solely under gravity.
A free flow of air is assured by a cylindrical opening at the
other end of the horizontal channel.
The spiral shape of the experimental channel simplifies
the optical measurements as the channel fits well within
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Fig. 1. Experimental setup for the tests of gravity casting into
the horizontal channel.
Fig. 2. Experimental setup for the tests of gravity casting into
the vertical labyrinth.
a camera field of view. Thus all parts of the channel may
be examined at relatively high resolution when the entire
channel spiral is viewed from the top.
2.2 Vertical labyrinth
The second experimental setup provides a rather com-
plex vertically oriented geometry which enables analysis
of gravity casting into a labyrinth of channels of various
sizes and shapes as displayed in Figure 4. All labyrinth
channels have a rectangular cross-section while the entire
labyrinth has a constant breadth of 10 mm.
Next to the labyrinth of vertical channels, there is
a reservoir of cast material which is connected to the
labyrinth via a 3 mm high horizontal channel. This
channel is the only inlet into the vertical labyrinth and
prior to each experiment it is obstructed by a remov-
able gate. The reservoir initially holds 72 ml of liquid,
while the labyrinth behind the gate is kept empty and
dry. After an abrubt gate removal, the cast material is
free to flow (driven solely by gravity) into the labyrinth
channels. First, the cast material reaches three straight ver-
tical channels with thickness of 3, 5 and 10 mm. The hori-
zontal channel continues and its end opens to a 23 × 13 ×
10 mm large chamber. The distal part of the chamber is an
origin of a trident of vertical channels that vary in size and
shape, see Figure 4.
All six vertical channels are designed so that they end
at the top edge of the vertical labyrinth mold. Thus they
Fig. 3. Horizontal channel: setup geometry and its dimensions.
Fig. 4. Vertical labyrinth: setup geometry and its dimensions.
form natural outlets which enable a free flow of air out of
the labyrinth. In addition, 25 mm below the top edge of
the mold there is a 3 mm high horizontal channel which
connects all the vertical ones.
2.3 Test fluids
Both experimental setups (described above) are used for
testing the gravity casting flow of in-house prepared
highly-viscous fluids. A fresh batch of coloured aqueous
sugar solution is prepared for each of the two setups. Since
each batch is produced separately, the test fluid for the hor-
izontal channel tests has slightly different physical proper-
ties than the fluid for the vertical labyrinth tests.
Material properties (i.e. viscosity, surface tension and
density) of the test fluids are identified experimentally and
described in section 3.1 below. In order to assess the dy-
namic viscosity, a rotational rheometer with coaxial cylin-
ders geometry is applied. The surface tension is measured
using a force tensiometer with Wilhelmy plate. Laboratory
weighing scales and precise pipetting is utilised while as-
sesing the fluid density. The measurements are performed
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Fig. 5. Horizontal channel: field of view of the four cameras
capturing a single time instant of the casting flow experiment.
both for fresh samples and for the used samples right after
their application in the gravity casting experiments.
2.4 Data acquisition
The gravity casting experiments are analysed based on
optical measurements by a system of four synchronised
cameras, Figure 5 and Figure 6. In each experiment, two
cameras cover the entire test scene and two cameras are
focused on details.
The camera setup is designed as follows. The camera
no. 1 records propagation of the test fluid through the en-
tire mold geometry behind the gate. The camera no. 2 cap-
tures the evolution of the fluid free surface in the reservoir
during the experiment. The cameras no. 3 and no. 4 focus
on a selected region of the mold geometry in detail from
two angles so that an information about three-dimensional
shape of the fluid front can be assessed.
The framerate of 20 Hz is applied for all the cameras
so that a sufficient time resolution is provided to capture
the initial phase of the gravity flow after the gate removal.
All cameras have an image resolution of 2336 × 1752 px.
3 Results and discussion
During the execution of the experimental tests, major
attention is paid to kinematics of the gravity driven flow
for both the horizontal channel as well as the vertical
Fig. 6. Vertical labyrinth: field of view of the first three (out of
four) cameras at a single time instant of the casting experiment.
labyrinth. Especially the propagation of the fluid front
through the mold geometry is of interest.
In order to examine the repeatibility of the tests, a serie
of 10 runs is executed for each experimental setup. Each
test run is performed for a fresh well stirred sample of the
test fluid that is casted into the well cleared and dried cast-
ing mold. In addition, every run of gravity casting tests is
accompanied with identification of material properties of
the currently used fluid sample.
3.1 Rheological measurements
Measurements of the viscosity and of the surface tension
are performed for both the fresh sample before and the
used sample after execution of the casting flow expe-
riments. The density measurements are performed for
both fresh and used samples in the very end of each
experimental campaign.
The key factor influencing propagation of the casted
fluid inside the mold geometry is fluid’s dynamic viscosity.
The rheological measurements are performed for a wide
range of shear rates using a rotational rheometer with
coaxial cylinders, i.e. these measurements are driven by
a prescribed rotational speed of the internal cylinder while
the external cylinder is static. The shear stress in the fluid
is assessed based on the torque exerted on the internal
cylinder.
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Basically two elementary test scenarios are applied.
First the dynamic viscosity is tested for a continuously
changing (either linearly increasing or lineraly decreasing)
value of the shear rate (linear runup/rundown test). Second
the step-wise function of the shear rate is defined so that a
steady response of the fluid to several prescribed shear rate
values can be assessed. A serie of overall 42, 33 respec-
tively, measurements of the dynamic viscosity of the test
fluid is executed during the experimental campaign for the
horizontal channel, the vertical labyrinth respectively. Al-
though rather lower shear rates are expected in the gravity
casting tests described below, the response of the test fluid
to shear rates in a range of 〈0; 1945〉 s−1 is examined.
Results of all rheological measurements of the test
fluid used in the horizontal channel campaign are shown
in Figure 7. The figure is divided into three colour-coded
ranges of shear rate values. The green colour is used for
an optimal measurement range of shear rates (based on
the specifications of the rotational rheometer and the ap-
plied coaxial cylinder geometry). The yellow colour de-
notes limits of applicable measurement range. The red
colour region is out of the applicable measurement range.
It can be observed that the measured curves are smooth
in the optimal measurement range while the data outside
this range display noise which gets more pronounced for
data further away from the optimal region. In other words,
at low shear rates the torque exerted on the internal cylin-
der approaches its minimal measurable value and its mea-
surement is increasingly subjected to error. The values
recorded for shear rates lower than 60 s−1 are discarded
from the graph as they may be considered random. For
this reason, a wide range of shear rates is examined so that
the rheological response of the tested fluid may be extra-
polated for low shear rate values.
Although both test fluids applied in the gravity cast-
ing experiments may be generally considered Newtonian,
their dynamic viscosity slightly increases with increasing
shear rate. This behaviour may be well approximated
with a linear function. When a linear regression analy-
sis is applied to experimental data in Figure 7, the linear
relation between the dynamic viscosity η and the shear
rate γ˙ for the test fluid in the horizontal channel tests is
η = 38.08 + 0.00278γ˙ [mPa·s]. Obviously, the slope of the
linear model is moderate.
In order to approximate the test fluid as Newtonian,
the constant value of the dynamic viscosity can be deter-
mined e.g. as a median of average values from all per-
formed tests. Averaging each test separately is crucial in
order to gain equal statistical weight of every test, because
several viscosity testing scenarios are applied. Based on
the data from the range of shear rates in 〈200; 1945〉 s−1,
i.e. within the applicable measurement range, the dy-
namic viscosity of the Newtonian model of the horizon-
tal channel test fluid is η = 41.6 mPa·s (shown as a red
line in Figure 7). When considering moderate flow during
the horizontal channel casting, this value might be slightly
overestimated as an absolute measurement of the dynamic
viscosity at extremely low shear rates is not possible.
The second test fluid used in the vertical labyrinth
campaign displays qualitatively the same behaviour as the
Fig. 7. Dynamic viscosity as a function of shear rate as recorded
during all rheological measurements of the casting material dur-
ing the horizontal channel campaign.
Fig. 8. Evolution of surface tension in time as recorded for a ran-
dom specimen of the casting material used during the horizontal
channel campaign.
test fluid used in the horizontal channel tests. Quantita-
tively, its dynamic viscosity is slightly higher. The me-
dian of average values from all viscosity measurements
is η = 45.4 mPa·s (based on the data for shear rates in
〈200; 1945〉 s−1). The linear function approximating the
experimental data is η = 42.26 + 0.00279γ˙ [mPa·s]. The
slope of the linear function is about identical as in the case
of the test fluid for the horizontal channel campaign.
In addition, a value of the surface tension is assessed
for both test fluids. On the contrary to the dynamic
viscosity measurements, the surface tension is examined
for all used fluid samples after the gravity casting expe-
riments and for only few fresh samples before selected
gravity casting tests. For both the horizontal channel and
the vertical labyrinth experimental campaigns, 25 surface
tension measurements are executed. Two kinds of tests are
performed, a standard Wilhelmy plate surface tension test
and a continuous measurement of the forces acting (due
to surface tension) on the Wilhelmy plate which is kept
submerged at a constant depth.
Prior to the two sets of surface tension tests described
above, long duration continuous Wilhelmy plate measure-
ments of the test fluids were performed. These long term
measurements reveil that the value of the surface tension
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Fig. 9. Horizontal channel: propagation of the casting material
along the channel centerline. The centerline of the horizontal
channel is depicted as a blue line in the embedded photo.
changes in time and the test fluids behave as an aqueous
surfactant solution, see Figure 8. In general, a high surface
tension value can be recorded for the well stirred sample
of the aqueous surfactant solution, but this value decreases
as the sample gets settled and molecules of the surfactant
become organised at the free surface. In a long time, the
surface tension converges to a static value. In case of the
used test fluids, the difference between the initial and the
static value might become nearly 20 mN/m (the value has
not fully converged during the 15 hour test).
Due to excessive time demands of the long term mea-
surements, only the initial value of test fluid’s surface
tension is assessed for well stirred fresh samples as well
as for samples used in the gravity casting experiments.
Median of the initial surface tension of the fluid casted in
the horizontal channel tests, vertical labyrinth tests respec-
tively, is σ = 60 mN/m, σ = 64 mN/m respectively.
In the end of each gravity casting campaign, the den-
sity measurements are performed by weighing a number
of well defined sample volumes of test fluids (either fresh
or used). The results show that both test fluids have the
density of % = 1.24 g/cm3.
3.2 Gravity casting
The experimental setup is designed so that the entire
execution of the casting tests can be well controlled. The
most essential part of the experimental run is its initial
phase. The gravity flow of the test fluid is initiated by a
removal of the gate between the reservoir and the mold.
In both experimental setups, the gate obstructs a 3 mm
high horizontal channel which is a single inlet into the
mold. During the gate removal, the gate slides vertically
upwards which causes a gradual opening of the horizontal
channel. The gate removal time is estimated based on cam-
era images which are captured at 20 Hz framerate. Since
a precise estimate is limited by the applied camera frame-
rate, the gate removal time is considered to be less or equal
to 50 ms.
After the gate removal, the inlet channel is fully
opened and the test fluid is free to flow into the mold under
Fig. 10. Vertical labyrinth: propagation of the casting material
along the six pathlines in the initial phase of the experiment. The
selected pathlines in the labyrinth geometry are depicted in six
different colours (top) and the propagation curves in the distance-
time plot are colour-coded accordingly (bottom).
gravity. The most dramatic flow is observed right after
the gate opening when the vertical reservoir is full of the
casted test fluid. As the fluid level in the reservoir de-
creases, the gravity flow slows down. Nevertheless, due
to the fact that the highly viscous test fluids are applied,
the fluid flow inside both the horizontal channel and the
vertical labyrinth can be considered laminar at all instants.
In all casting tests, a smooth convex shaped profile of
the fluid front can be observed. This is apparent e.g. in
Figure 6 (bottom right). A distinctive free surface profiles
can be observed in channel corners, as shown in Figure 5
(bottom left) and Figure 5 (bottom right), and at labyrinth
channel intersections.
Special attention is paid to the propagation of the cast-
ing material within the mold geometry. In order to gain
quantitative results, a position of the fluid front along the
channel centerline is examined in time (in terms of the dis-
tance from the wetted side of the gate).
Results of ten experimental runs of gravity casting into
the horizontal channel geometry are shown in Figure 9.
The plotted curves clearly indicate a decrease in propaga-
tion speed in time after a rapid initial phase of the grav-
ity flow. Nevertheless, variation of about 10% can be ob-
served in the arrival time to the very end of the 1160 mm
long horizontal channel. This may be attributed to slight
differences in the dam gate removal.
Within the vertical labyrinth, six pathlines are selected
as depicted in Figure 10 (top). Propagation of the test
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fluid along these pathlines during the first 6 seconds af-
ter the gate removal is displayed in Figure 10 (bottom).
Results of all ten tests are displayed, but the curves are
coloured according to the pathline they refer to. Thus a
fluid flow through the entire labyrinth can be easily identi-
fied. Since the propagation of the fluid through the hor-
izontal channels is faster than in the vertical ones, the
instants when the fluid starts moving vertically upwards
or when it enters another horizontal channel are clearly
marked. The red, green a blue curves that refer to the first
three straight vertical channels display minimal variation
in the results among indiviual tests performed. This is re-
lated to the very short distance the fluid travels from the
gate. The variation in resulting fluid propagation is more
pronounced for the longer pathlines, i.e. for the trident of
vertical channels of various shapes. This is obvious espe-
cially in the longest pathline (coloured in magenta) which
combines several horizontal and vertical channels into an
S-like shape. Nevertheless, variations in Figure 10 (which
shows first 250 mm of the path) are not as dramatic as in
the case of significantly longer horizontal channel.
4 Conclusions
The presented experimental measurements of the gravity
casting flow cover both the kinematics of the fluid prop-
agation in the mold geometry and assessment of the test
fluid physical properties. As a result, an extensive set of
well controlled experimental data is recorded. The study
aims at identification of a benchmark test and creation of
a large dataset that could be used for validation of compu-
tational software tools, such as in [5].
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